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ABSTRACT. Thermal-Optical Analysis (TOA), a commonly implemented technique used to 15 

measure the amount of particulate carbon in the atmosphere or deposited on a filter substrate, 16 

distinguishes organic carbon (OC) from elemental carbon (EC) through the monitoring of laser 17 

light, heating, and measuring evolved carbon.  Here, we present a method to characterize the 18 

TOA transmission method with an aqueous binary mixture containing EC and OC that can easily 19 

be deposited onto a filter at low volumes. Known amounts of EC and OC were deposited onto a 20 

quartz-fiber filter and analyzed with different temperature protocols.  Results with the NIST-21 

EPA-C temperature protocol agreed with the reference values to better than 2 % for EC, OC, 22 

total carbon (TC), and EC/TC. Indicated TC for all temperature protocols was within 5 % of the 23 

reference value while all protocols reproduced EC/TC ratios with an uncertainty less than 10 %.  24 

 25 
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 26 

1. Introduction 27 

Black carbon (BC), a form of atmospheric particulate matter (PM), influences Earth’s 28 

radiative budget, local visibility, and adversely impacts human health (1). BC is a component of 29 

soot with graphite-like structures, where the particles are chemically inert. As a refractory 30 

material, BC is also known as elemental carbon (EC). Due to different combustion conditions, 31 

atmospheric mixing and aging, these light absorbing particles often are combined with organic 32 

carbon (OC), mineral dust, and nitrates (2). There is much discrepancy associated with the 33 

quantification of BC among different techniques. Some of the filter-based techniques include 34 

optical methods such as aethalometry (3) and the combination of optical and thermal based 35 

characterization (4) such as thermal-optical analysis (TOA). Since TOA functions optically as 36 

well as thermally, it is an appropriate method for determining the mass of BC as a light-37 

absorbing material in the atmosphere. TOA is known to be problematic because different 38 

temperature protocols provide inconsistent results for BC, and measurements can disagree 39 

greatly with other BC quantification techniques (5-8). This study presents a new technique 40 

incorporating a binary solution of known concentrations of OC and BC to evaluate TOA 41 

methods involving different temperature protocols. The technique presented here could serve as 42 

a calibration method for characterizing TOA. 43 

A Sunset Thermal-Optical Carbon Aerosol Analyzer* was used in this work (Sunset Lab, 44 

Tigard, OR). A section from a quartz-fiber filter is placed on a quartz boat in the path of a 670 45 

nm laser beam to monitor the change in transmittance through the filter as the sample is heated. 46 

The technique is known as thermal-optical transmission analysis when laser transmission is used 47 

and thermal-optical reflection analysis when reflection is utilized. Carbon species are evolved 48 
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from the quartz filter in the front oven upon heating and converted to carbon dioxide in a MnO2 49 

oxidation back oven at 870 oC. The first phase of the analysis occurs in an oxygen-free helium 50 

environment, where some organic compounds are pyrolytically converted to EC in the front 51 

oven. As OC pyrolyzes and becomes darker, laser transmittance through the filter decreases. The 52 

second phase occurs in an oxygen/helium environment where the pyrolyzed OC and EC are 53 

oxidized to carbon dioxide and laser transmittance through the filter increases. This CO2 is 54 

reduced to methane in a 500 oC Raney nickel catalyst oven before passing into a flame ionization 55 

detector. The instrument distinguishes the OC from EC when the transmittance of the filter 56 

returns to its original value – the split point. Carbon detected after the split point is measured as 57 

BC that was native to the sample. Following the detection of carbon, a known amount of 58 

methane is injected into the sample oven, then oxidized and reduced back to methane, which is 59 

the method’s internal standard (9-12).  60 

2. Methods 61 

A 1 mg/mL suspension of Cab-o-Jet 200 (19.92 % mass fraction, Cabot Corp.) was prepared 62 

with deionized water (13). The carbon black material acts as an EC surrogate and has been well 63 

characterized (14, 15).  Prior research with TOA showed that this material is comprised of 64 

approximately 96 % EC and 4 % OC.  A separate 4.0 mg/mL solution of sucrose was prepared to 65 

act as an OC surrogate. Sucrose is a suitable material for OC for ambient air organic aerosol 66 

because a substantial amount of its carbon pyrolyzes (chars) when heated in an inert atmosphere. 67 

From the two separate EC and OC preparations, a 10.0 mL binary mixture was prepared, where 68 

7.0 mL was the OC solution and 3.0 mL was the EC suspension. A syringe was used to deposit 69 

10.0 μL aliquots onto a 1.00 cm2 quartz filter. The filter remained in the front oven until it was 70 

dry. Measurements of the binary mixture were taken with different temperature protocols. The 71 
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concentrations of EC, OC, TC and EC/TC ratios were recorded. Details concerning the 72 

parameters of the different protocols are provided in Results/Discussion. 73 

3. Results and Discussion 74 

Tables 1 and 2 provide the temperature steps and residence times for the protocols developed 75 

between the National Institute of Standards and Technology (NIST) and the Environmental 76 

Protection Agency (EPA), and are modified versions of the NIOSH method. The temperature 77 

protocols include NIST-EPA-A, NIST-EPA-B, NIST-EPA-C and Quartz. The Quartz protocol 78 

(Table 2) was developed by the manufacturer early on and is based, in part, on work by Birch 79 

and Cary (12) which has also led to the NIOSH 5040 method (16). Background research for the 80 

NIST-EPA-A, NIST-EPA-B and NIST-EPA-C methods is given in Conny et al. 2007 (17). The 81 

well-known Interagency Monitoring of Protected Visual Environments (IMPROVE) protocol is 82 

utilized primarily for thermal optical reflectance, and is not appropriate the thermal optical 83 

transmittance instrument used in this work. The temperature steps for the IMPROVE protocol 84 

are significantly lower than the protocols used in this work, and may not evolve all of the OC 85 

(18). 86 

Table 1. Temperature steps and residence times for the NIST-EPA-A,-B and -C protocols. 87 

Carrier Gas 
(step) 

Temperature (oC) Residence Time (s) 
A B C A B C 

He (1) 200 200 200 60 60 60 
He (2) 400 400 400 60 60 60 
He (3) 600 600 600 60 60 60 
He (4) 830 830 785 150 73 150 
He+O2 (1) 550 380 550 60 60 60 
He+O2 (2) 620 484 620 60 60 60 
He+O2 (3) 690 588 690 45 45 45 
He+O2 (4) 760 692 760 45 45 45 
He+O2 (5) 830 796 830 45 45 45 
He+O2 (6) 900 900 900 180 90 90 
 88 
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Table 2. Temperature steps and residence times of the Quartz protocol. 89 

Carrier Gas 
(step) 

Temperature (oC) Residence Time (s) 

He (1) 315 60 
He (2) 475 60 
He (3) 615 60 
He (4) 870 90 
He+O2 (1) 550 45 
He+O2 (2) 625 45 
He+O2 (3) 700 45 
He+O2 (4) 775 45 
He+O2 (5) 850 45 
He+O2 (6) 910 120 

 90 

The NIST-EPA methods were derived from response surface models created from a factorial 91 

experimental design involving temperature, duration of the high temperature step, and the 92 

increase in heat in the He-Ox phase (6).These protocols were designed to deal with the split point 93 

for differing sample types. Response surface models were calculated for absorption cross 94 

sections of pyrolyzed OC and EC. The models revealed the step temperatures and durations, and 95 

in the case of step 4 (final helium step), a  range of possible step temperatures that ensures OC 96 

charring is minimized to avoid OC being measured as EC by the instrument after the split point. 97 

The primary differences between NIST-EPA-A and NIST-EPA-B are the step 4 duration times 98 

and first step in the He-Ox phase. In comparison to NIST-EPA-A, the NIST-EPA-C protocol has 99 

a relatively low temperature for step 4 in helium. The NIST-EPA-C protocol is considered 100 

suitable protocol for a variety of sample types (high-charring and low-charring) (17). Examples 101 

of temperature profiles, split points and FID responses are shown in Figures 1a-d. 102 

Figure 1. Thermograms produced in response to the binary solution with a reference TC value of 103 

15.03 μg/cm2 and EC/TC ratio 0.213. The red solid line is the split point, the blue dashed lines 104 

are the temperature steps. The black solid line is the FID response. Thermograms using (a) 105 

NIST-EPA-A (reported values of TC=15.19 μg/cm2 and EC/TC=0.215); (b) NIST-EPA-B 106 
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(reported TC=14.89 μg/cm2 and EC/TC=0.209); (c) NIST-EPA-C (reported values of TC=15.17 107 

μg/cm2 and EC/TC=0.222); (d) Quartz (reported values of TC=15.51 μg/cm2 and EC/TC=0.218).   108 

 109 

 110 

Per 10 μL aliquot of the binary mixture, 11.86 ± 0.21 (�̅ � �� μg of OC and 3.18 ± 0.17 μg of 111 

EC were deposited onto the 1.00 cm2 quartz filters, with a total carbon of 15.04 ± 0.83 μg. The 112 

calculated EC/TC ratio was 0.211 ± 0.012. This ratio allows for simple numerical comparison 113 

amongst the different protocols, and it is important for the determination of optical properties of 114 

ambient aerosols. These are the calculated reference values with propagated error.  The reference 115 

values consider the 96 % EC composition of the surrogate material determined with prior 116 
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research (15). Multiple runs and blanks of deionized water were performed for each temperature 117 

protocol. Averages and standard deviations of OC, EC, TC and EC/TC for the different 118 

temperature protocols and number of replicates are presented in Table 3. Reference values in 119 

Table 3 are amounts in the 10 μL aliquot from the binary mixture.  120 

When compared to the reference values, the NIST-EPA-C protocol produced results for OC, 121 

EC, TC and EC/TC which had an error of less than 2 % for all measurements. However, the 122 

standard deviations are relatively high for EC but low for TC. NIST-EPA-C reported the highest 123 

coefficient of variation for the OC component while NIST-EPA-B reported the largest 124 

coefficient of variation for the EC component. All protocols reported average TC values within 125 

0.5 µg (< 3 %) of the calculated reference TC value. 126 

 127 

Table 3. Averages and standard deviations of OC, EC, TC and EC/TC for different temperature 128 

protocols compared to the calculated reference values. Uncertainties of the reference values are 129 

propagated errors from glassware and the balance used for volume and mass measurements. The 130 

numbers of replicates are given by n. 131 

 NISTEPA-A 
(n = 6) 

NISTEPA-B 
(n = 3) 

NISTEPA-C 
(n = 6) 

Quartz 
(n = 5) 

Reference 

OC 
(μg/cm2) 

11.512 ± 0.717 11.567 ± 0.523 11.845 ± 1.043 11.294 ± 0.736 11.86 ± 0.21 

EC 
(μg/cm2) 

3.043 ± 0.359 3.363 ± 0.575 3.148 ± 0.233 3.244 ± 0.250 3.18 ± 0.17 

TC 
(μg/cm2) 

14.553 ± 0.684 14.927 ± 1.015 14.995 ± 1.094 14.540 ± 0.696 15.04 ± 0.83 

EC/TC 0.209 ± 0.025 0.224 ± 0.024 0.211 ± 0.017 0.224 ± 0.020 0.211 ± 0.012 

 132 

4. Conclusions 133 

This novel procedure characterizes the thermal-optical transmission instrument with a binary 134 

mixture consisting of elemental carbon and sucrose. The approach incorporates a colloidal 135 

suspension of carbon black that can easily be deposited onto quartz filters. As reported in Lack et 136 
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al. 2014 (19), there is a need for an EC surrogate for TOA, which may be fulfilled with a well-137 

characterized carbon black suspension with properties similar to Cab-O-Jet 200. All 4 methods 138 

provided adequate results of EC, OC, EC/TC ratios, and indicated components were within the 139 

combined uncertainty of measurements and reference values. The work presented here also 140 

proves the instrument’s determination of the split point can be reasonably obtained for this 141 

binary mixture of OC and EC. 142 

A one-way analysis of variance (ANOVA) performed among the four temperature protocols 143 

(treatments) showed no difference in the protocols for either OC, EC, TC, or EC/TC at a 144 

significance level of 0.1. For example, the within-treatment mean squares for EC was larger than 145 

the between-treatment mean squares by a factor of 1.43. However, the ANOVA was based on 146 

data from only a single instrument. Other thermal-optical transmission instruments may have 147 

better measurement precision and thus lower within-treatment mean squares, which might reveal 148 

significant differences among the protocols. In addition, other formulations of the binary mixture 149 

or expanding the mixture to three or more components (e.g., EC, OC, and a metal oxide 150 

component) may result in significant differences among the protocols. Nevertheless, a water-151 

based mixture, such as the one presented here, serves as a possible material to optimize the step 152 

temperatures and durations in TOA for correctly determining the split point, and thus to improve 153 

the quantification of BC. Additional TOA calibration mixtures with a water-soluble carbon black 154 

material should be investigated in the future. 155 

 156 
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